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Ultra-high-energy cosmic rays
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Open questions:

1. What is the mass composition of UHECRs

2. What are the sources of UHECRs

Ultra-high-energy cosmic rays (UHECRs):

Charged atomic nuclei with energies abo

Extragalactic + galactic magnetic fields: 

B

Astrophysical high-energy:

Gamma-rays (γ), neutrinos (υ), …

Starburst Galaxies Active Galactic Nuclei

Possible sources?



The cosmic ray flux at the highest energies

Miguel Alexandre Martins 3 / 20

Cosmic-Ray Flux

Extremely low flux ⟹ indirect detection 

in ground arrays (~1000 km2) through 

Extensive Air Showers (EAS)

~ 1 particle per km2 per day!

~ 1 particle per km2 per year! 

UHECRs

⟹

Ground array (e.g. the 

Pierre Auger Observatory)

Take home message:

Indirect detection ⟹ mass composition of the cosmic ray

(primary) must be inferred from EAS observables!

Astropart.Phys. 149 (2023) 102819

Phys.Rev.D 90 (2014) 12, 122005

https://inspirehep.net/literature/2080572
https://inspirehep.net/literature/2080572
https://inspirehep.net/literature/2080572
https://inspirehep.net/literature/2080572
https://inspirehep.net/literature/2080572
https://inspirehep.net/literature/1317612
https://inspirehep.net/literature/1317612


Extensive Air Showers
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Muonic 

component

Production of e/e+ 

Bremsstrahlung

Grows up to critical energy ξc at 

which meson decay becomes more 

likely than further interaction 

Grows up to critical energy ξc
e 

below which ionization losses 

dominate over radiative processes

• EM and hadronic components mostly decoupled after primary interaction

• At ground level: mostly muons (~10 % of E0) and electromagnetic particles

(~90 % of E0)

Muonic component mostly from 

meson decay :

Decay of low energy muons:

Decay

Decay

Electromagnetic 

(EM) component

Hadronic 

component / core

Review of particle physics, Phys.Rev.D 110 (2024) 3, 030001

https://inspirehep.net/literature/2817040
https://inspirehep.net/literature/2817040
https://inspirehep.net/literature/2817040


Main air-shower observables as probes of the primary composition
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Detector level

EM profile Muon profile

Shape of Xmax distribution sensitive to primary

mass number A ⟹ mass discrimination

Issue: overlapping Xmax distributions for ≠ A ⟹

poor event-by-event mass discrimination

Shape of Nμ distribution sensitive to primary

mass number A ⟹mass discrimination

Issue: sensitive to hadron production in all

stages of cascade ⟹ highly dependent on

description of hadronic interactions



EAS as splitting processes: the Heitler-Matthews model
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Superposition:

Heitler-Matthews framework for proton showers:

1. In each interaction, energy is equipartitioned between secondaries

2. Ratio between neutral and charged pions is constant

3. Number of secondaries is fixed in all interaction

4. All mesons decay into muons at the same critical energy

5. For Xmax, only consider neutral pions from primary-air interaction

Astropart.Phys. 22 (2005) 387-397

Predicts correct mass evolution BUT

precise mass inference ⟹ accurately 

model hadronic interactions!

1 2 3 A

https://inspirehep.net/literature/675329
https://inspirehep.net/literature/675329
https://inspirehep.net/literature/675329
https://inspirehep.net/literature/675329
https://inspirehep.net/literature/675329
https://inspirehep.net/literature/675329
https://inspirehep.net/literature/675329


Modelling hadronic interactions: Hadronic Interaction Models
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Extensive air showers driven 

by hadronic interactions with 

low momentum transfer

Hadronic interactions in showers must be simulated with phenomenological hadronic 

interaction models (HIMs): Epos LHC-R, QGSjetIII01, Sibyll23e

Normalized energy flow

Cannot be calculated from with 

perturbative QCD

Use effective theories / phenomenology

(e.g Gribov-Regge theory) to compute particle 

spectra and interaction rates

⟹ ⟹

Peaks of energy flow in 

far forward region (η > 7)

Astrophys.Space Sci. 367 (2022) 3, 27

https://inspirehep.net/literature/2017107
https://inspirehep.net/literature/2017107
https://inspirehep.net/literature/2017107


Inference challenge in EAS physics
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Phenomenological HIMs must be tuned to accelerator 

data BUT lack of data in relevant phase-space

Tuning of HIMs using EAS data is challenging because the 

primary mass is unknown!

Inconsistent description of EAS observables!

Mass interpretation of EAS observables 

highly dependent on HIM 

From the collider physics side From the astroparticle physics side

CERN Yellow Rep.Monogr. 7 (2019) 1159-1410

Alexey Yushkov for the Pierre Auger Collaboration, PoS ICRC2019 (2020) 482

1Astrophys.Space Sci. 
367 (2022) 3, 27

https://inspirehep.net/literature/1709331
https://inspirehep.net/literature/1709331
https://inspirehep.net/literature/1709331
https://inspirehep.net/literature/1709331
https://inspirehep.net/literature/1709331
https://inspirehep.net/literature/1819620
https://inspirehep.net/literature/1819620
https://inspirehep.net/literature/1819620
https://inspirehep.net/literature/2017107
https://inspirehep.net/literature/2017107
https://inspirehep.net/literature/2017107
https://inspirehep.net/literature/2017107
https://inspirehep.net/literature/2017107


PROBING HADRONIC

INTERACTIONS USING

Xmax AND Nμ



The joint-distribution of Nμ and Xmax
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Objective:

• Build probabilistic framework to constrain proton-air interaction properties from the full joint distribution of Xmax and Nμ

Muonic 

component

Decay

Decay

Electromagnetic (EM) 

component

Hadronic 

component / core

Detector level



Linking energy spectrum of hadrons of p-air interactions to p(Nμ)
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Take home messages:

• Pearson correlation coefficient ~ 0.80

• p(Nμ) mostly determined by p(α1) ⟹ causal link

between hadron energy spectrum of 1st int. and Nμ

Had. sector π0s (EM sector)

Shower to shower primary 

interaction estimator of Nμ

Link stochasticity of Nμ to fluctuations of lab. 

energy fraction of each hadron of 1st int.: xi

L. Cazon, R. Conceição, F. Riehn, Phys.Lett.B 784 (2018) 68-76

Monte Carlo validation

Muon yield from Heitler-

Matthews model

https://inspirehep.net/literature/1662686
https://inspirehep.net/literature/1662686
https://inspirehep.net/literature/1662686
https://inspirehep.net/literature/1662686
https://inspirehep.net/literature/1662686


Linking energy spectrum of secondaries of p-air interactions to p(Xmax)
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Take home messages:

• ξ captures ~50 % of variability in (Xmax -X1)

• Causal link between ξ and (Xmax -X1) independent of

Had. Int. Model
*For E0 = 1019 eV

Link stochasticity of Xmax – X1 to fluctuations of 

lab. energy fraction of secondaries of 1st int.: xi or xj

Monte Carlo validation

L. Cazon, R. Conceição, 
M. A. Martins, F. Riehn, 
2504.08610 [astro-
ph.HE]

Had. sector π0s (EM sector)

Multiparticle production 

variables of first int.

https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610


Distributions of new interaction variables in extensive air showers
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Multi-particle production variables:

Take home message:

PDFs of ζhad, ζEM and αhad  highly dependent on Had. Int. Model ⟹ highly sensitive to shape of energy spectrum of hadrons!

L. Cazon, R. Conceição, M. A. Martins, F. Riehn, 
2504.08610 [astro-ph.HE]

https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610


Relevant phase-space for EAS production variables
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L. Cazon, R. Conceição, M. A. Martins, F. Riehn, 2504.08610 [astro-ph.HE]

Take home messages:

• Most of the contribution to the production variables comes from hadrons produced in far forward region

• Variation of differential energy flow moderately model dependent already in LHCb rapidity region

https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610


Interpretating the Xmax-Nμ using primary interaction variables
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Take home message:

• ζhad, ζEM and αhad offer a natural interpretation of the different regions of (Nμ, Xmax) plane in terms of 1st interaction

• p(Nμ, Xmax) retains information about 1st interaction ⟹ HOW TO RECOVER IT?

Decrease in energy 

in hadronic sector

Diffractive 1st int. OR energetic π0s

Deeply inelastic 1st int
Even partition of energy  

between large # of π0s 



Probabilistic model of the rest of the shower
Removing dependence on the hadronic interaction model

Miguel Alexandre Martins 16 / 20

Determined by energy spectra of 

secondaries of primary int.

Sub-dominant response function of shower 

to 1st int. given Had. Int. model M

Remove dependence on hadronic interaction model:

Step 1: Average over hadronic interaction

models

Step 2: Propagate changes in the primary 

interaction to the averaged response via 

universal calibration: M replaced by ⟨ξ⟩

L. Cazon, R. Conceição, M. A. Martins, F. Riehn, 
2504.08610 [astro-ph.HE]

https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610


Precision of probabilistic shower response to p(α1,ξ1) 
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Fluctuations of 1st int. 

point + muon attenuation

Take home message:

• Information about hadron production in primary interaction encoded in p(α1, ξ) and retained in p(Nμ, Xmax) via precise

probabilistic UNIVERSAL mapping ⟹ can use framework for data-driven constraints on primary interaction!

Anti-correlation driven by 

Hadronic-EM energy balance
Imprint of anti-correlation α1 - ξ



Predicted distribution of Xmax
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Take home message:

• E-spectrum of 1st int. secondaries mapped onto p(Xmax) with biases much below model and experimental systematics!

L. Cazon, R. Conceição, M. A. Martins, F. Riehn, 
2504.08610 [astro-ph.HE]

Predicted dist. of Xmax

Provided by Had. Int. Model

Universal model of the response function of shower

Spread in hadronic 

model predictions

https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610
https://arxiv.org/abs/2504.08610


Predicted distribution of relative number of muons nμ 
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Predicted dist. of nμ

Provided by Had. Int. Model

Universal model of the response function of shower

Can constrain inclusive π0 cross-

section in p-air interactions!

L. Cazon, R. Conceição, M. A. Martins, F. Riehn, 
Phys.Rev.D 103 (2021) 2, 022001

Take home message:

• E-spectrum of 1st int. secondaries mapped onto p(nμ) with biases much below model and experimental systematics!

https://inspirehep.net/literature/1802449
https://inspirehep.net/literature/1802449
https://inspirehep.net/literature/1802449
https://inspirehep.net/literature/1802449
https://inspirehep.net/literature/1802449


Conclusions
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Conclusions:

1. Found variables from the primary interaction α1 and ξ = ξ(ζhad, ζEM, αhad) strongly linked to nμ and Xmax

2. Distribution p(Nμ, Xmax) retains information about primary interaction via multiparticle production variables ζhad, ζEM and

αhad

3. Energy spectra of secondary hadrons of primary interaction can be mapped, in model-independent way, to the full

distributions of main nμ and Xmax for any physical consistent prior p(α1, ξ)

Outlook:

1. Explore regions of p(Nμ, Xmax) dominated by proton primaries to constrain p-air interactions from EAS data!



THANK YOU!
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BACKUP SLIDES



Understanding a new set of primary variables: ζhad, ζEM and αhad

Miguel Alexandre Martins 24 / 20

Average hadron-energy spectra

Deeply Inelastic

Examples of Monte Carlo primary interactions

Highly Elastic
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